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Animals: Animals were bred in the UTMB animal care facility by mating heterozygous Tg2576 males with C57Bl6/SJL (F1) females (Jackson Laboratory).  The University of Texas Medical Branch operates in compliance with the United States Department of Agriculture Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and IACUC approved protocols.  Mice were housed, n≤5 per cage, with food and water ad libitum.  All animal manipulations were conducted during the lights-on phase (0700-1900 hr).  Male and female 8 months old Tg2576 and wild type (WT) littermates were fed with either control or 30mg/kg RSG diet (Bio-Serv) for 30 days, as previously described  ADDIN EN.CITE (; ). At the age of 9 months the animals were sacrificed by decapitation and the brain rapidly removed from the skull for hippocampus dissection. Horizontal hippocampal slices were cut at thickness of 250 µm.

Slice preparation: Acute hippocampal slices were prepared from 9MO WT littermate control and Tg2576 mice treated or untreated with RSG. Animals were anesthetized with 2-2-2-tribromoethanol (Sigma) then intracardiac perfusion was performed with sucrose-based artificial CSF (sucrose-based ACSF) consisting of the following (mM): 56 NaCl, 100 Sucrose, 2.5 KCl, 20 glucose, 5 MgCl2, 1 CaCl2, 30 NaHCO3, and 1.25 NaH2PO4, osmolarity 300 –310, pH 7.4. Brains were dissected and 250 µm horizontal hippocampal slices prepared with a Leica Vibratome 1200S (Leica) in iced sucrose-based ACSF continuously oxygenized and equilibrated to pH 7.4 with a mixture of 95% O2/5% CO2. Slices were then transferred to an incubation chamber with standard ACSF consisting of the following (in mM): 130 NaCl, 3.5 KCl, 10 glucose, 1.5 MgCl2, 1.4 CaCl2, 23 NaHCO3, and 1.25 NaH2PO4, osmolarity 300–310, oxygenated and equilibrated to pH 7.4 with a mixture of 95% O2/5% CO2 at 31°C. 

Patch-clamp recording and data analysis: After 1–2 h of recovery, brain slices were placed in a submerged recording chamber on the stage of an upright microscope (Axioskop2 FS plus; Zeiss). Slices were continuously perfused at room temperature with standard ACSF (~2 ml/min) in the presence of 20 µM bicuculline to block GABAergic synaptic transmission. Whole-cell patch-clamp recordings were obtained from visually identified DG granule cells from the first to second third of the inferior blade of the dentate gyrus using infrared DIC-IR optics. Recording pipettes (4–7 MOhm) were fabricated from borosilicate glass (WPI) using a two-step vertical puller PC-10 (Narishige), and filled with intracellular solution containing the following (in mM): 120 CH3KO3S, 10 KCl, 10 HEPES, 10 glucose, 2 MgCl2, 0.5 EGTA, 2 MgATP, and 0.5 Na3GTP, osmolarity 280 –290, pH 7.3, adjusted with KOH. Whole-cell somatic recordings were performed using an Axopatch 200A amplifier (Molecular Devices), low-pass filtered at 5 kHz, and sampled at 10–20 kHz using a Digidata 1200 analog-to-digital interface and pClamp7 acquisition software (Molecular Devices). Seal formation and membrane rupture were done in voltage-clamp mode at holding potential of -70 mV. After break-in cells were maintained at -70 mV holding potential in voltage clamp mode for 1-2 minutes and then switched to current-clamp mode with holding current 0 pA to acquire membrane resting potential. Spontaneous action potential firing (Fig. 1) was evoked by slowly adding depolarizing current until the cell began to fire repetitively To acquire input-output relationships and passive properties all cells then were set to the membrane potential of -70 mV with injection of holding current (~ -50 - ~ +50 pA). Only cells showing a membrane resting potential of < −50 mV or a holding current between -50 to +50 pA at membrane potential at −70 mV and stable access resistance were used for the subsequent analysis.

Patch-clamp data analysis: A series of 500 ms current pulses (from −20 to +200 pA, 10 pA increment) were elicited to obtain action potential firing trains. The action potential current threshold (Ithresh) was defined as the current step at which at least one spike was induced. The action potential voltage threshold (Vthresh) was defined as the voltage at which the first time derivative of the rising phase of the action potential exceeds 10 mV/ms. The first spike latency was defined as a time interval from the beginning of the current step to the first appeared spike. Vthresh, and first spike latency were measured at the Ithresh value. Input-outputs relationships were plotted either as number of spikes against current step or averaged firing frequency against current step. Only spikes with overshoot were taken into analysis. Passive membrane properties such as input resistance (Rinput), and membrane time constant (τ), were measured with current-clamp recordings from a membrane potential of −70 mV. For determination of Rinput, the steady-state values of the voltage responses to a series of current steps from −120 to +20 pA with 20 pA increment per step and duration of 200 ms were plotted as a voltage–current relationship. Rinput was calculated as the slope of the data points fitted with linear regression. Membrane time constant was calculated by fitting a single-exponential function to the first 100 - 150 ms at -40 pA hyperpolarizing 200 ms current step. All data were analyzed with pCLAMP 9 (Molecular Devices) and GraphPad Prism 6 software (GraphPad Software).

Statistical analysis: Data were analyzed with Student t-test or one-way ANOVA then all the values were compared to the control with either post-hoc Dunnett’s or Fisher’s LSD test. The post-hoc Dunnett’s test was the first choice for multiple comparisons, but in some cases the less stringent Fisher LSD test was applied to maximize the likelihood of identifying differences between experimental groups. Data are presented as mean ± standard error of measurement.

Introduction 
The dentate gyrus (DG) is critical for memory formation and serves as the first integrative weigh-station in the hippocampal tri-synaptic circuit. Through complex signal processing, the DG converts extra-hippocampal information into spatio-temporal patterns of activity () which are projected along the hippocampal circuit and stored as memory engrams during memory consolidation (). It is thought that this intense computational load requires a continuous generation, differentiation and maturation of new granule neurons, which for several months remain highly excitable and display enhanced synaptic plasticity  ADDIN EN.CITE (; ; ). Not surprisingly, dysfunction of the DG circuit is considered one of the earliest functional alterations associated with Alzheimer’s disease (AD) cognitive impairment (). Ours and others’ work utilizing the Tg2576 mouse model for AD amyloidosis discovered that the early AD cognitive impairment seen in rodent models and humans with AD  ADDIN EN.CITE (; ; ) is accompanied by changes in the entorhinal cortex to DG synaptic transmission  ADDIN EN.CITE () and epileptic-like hyper-excitability of the DG circuit  ADDIN EN.CITE (; ; ) possibly through dysregulation of the presynaptic vesicle release machinery  ADDIN EN.CITE (), voltage-dependent ion channels  ADDIN EN.CITE (), or the extracellular-signal regulated kinase mitogen activated protein kinase (ERK-MAPK) signaling pathway  ADDIN EN.CITE (; ; ). Emerging views suggest that these early  aberrant changes within the DG circuit might result from depletion of or inappropriate maturation of adult-born granule neurons () culminating into a more global loss of synaptic function that underlies severe memory loss  seen at a later disease stage. 
	Intrinsic firing and membrane properties reflect the level of integration of adult-born granule neurons and dictate the global computational capabilities of the DG circuit that greatly influence memory engram formation (). Alteration in firing properties in granule neurons might therefore be one of the first functional phenotypes detected in early AD preceding AD synaptic deficits and memory dysfunction  ADDIN EN.CITE (; ; ; ). Thus, restoring intrinsic properties of DG granule neurons might be an optimal strategy for early AD prevention and treatment.  
A promising therapeutic strategy for early AD cognitive impairment is the treatment with Rosiglitazone (RSG), a potent and selective agonist of PPAR  ADDIN EN.CITE (; ; ; ). PPARγ is a type II nuclear receptor (​http:​/​​/​en.wikipedia.org​/​wiki​/​Nuclear_receptor" \o "Nuclear receptor​) with well-characterized functions in restoring insulin sensitivity in type 2 diabetes. Since insulin resistance and diabetes are now known risk factors for AD, RSG has been tested for memory enhancing ability in animal models and AD patients with some success  ADDIN EN.CITE (; ; ; ; ; ; ). However, the neural circuitry mechanisms underlying central PPARγ agonism as a cognitive enhancing approach remain poorly understood limiting full exploitation of insulin-sensitizers for AD applications. 
In previous studies, we demonstrated that pre-synaptic inputs from the medial perforant path (mPP) to DG neurons in Tg2576 animal models of AD are up-regulated and exhibit impaired short-term plasticity and that 1 month dietary treatment with RSG normalizes these alterations  ADDIN EN.CITE (). In this study, we postulated that, in addition to synaptic rescue, activation of PPARγ would restore dysfunctions of the DG granule cell firing properties in the Tg2576 AD mouse model that might complement or precede synaptic deficits.
By applying whole-cell patch-clamp electrophysiological recordings in DG granule neurons from 9 MO wild type and Tg2576 mice with and without RSG we show that A pathology skews the DG neuron population from a predominantly less mature phenotype to a more mature cell type. Along with that, cell type specific aberrant firing properties are found induced upon Apathology. The relative proportions of DG granule neuron types and the changes in intrinsic firing properties are fully restored by RSG treatment. Our results fill a significant knowledge gap in the cellular mechanisms underlying early AD manifestation and provide an important functional link between cognitive enhancement through PPARγ agonism and DG granule neuron output as a reflection of computational capability, opening new avenues for AD therapy development. 

Results 
In previous studies, we demonstrated that the synaptic properties of mPP inputs to DG granule neurons in 9MO Tg2576 AD mice were altered due to presynaptic mechanisms and restored to normal function by one month treatment with the PPARγ agonist, RSG  ADDIN EN.CITE (). In the present study we asked whether intrinsic firing properties of DG neurons are affected by A-pathology or if they are sensitive to RSG treatment. To gain insight into the intrinsic properties of DG granule neurons in this AD model, we applied whole-cell patch-clamp electrophysiology to DG granule neurons in acute hippocampal slices prepared from 9MO wild type, Tg2576 and Tg2576 littermates untreated or treated with RSG for 1 month. Visually identified DG granule cells were selected from the first to second third of the inferior blade (Fig. 1A). Current clamp recordings were obtained from wild type (n=31), Tg2576 (n=33), and Tg2576 mice treated with RSG (n=39).  Included in the analysis were cells that showed no spontaneous firing at the membrane resting potential (< -50 mV), and/or exhibited a tri-phasic after-hyperpolarization (Fig. 1B) and a degree of firing adaptation (Fig. 2A). These criteria were used to exclude unhealthy cells or interneurons from the analysis  ADDIN EN.CITE (). 
To examine the intrinsic firing properties of DG granule neurons, prolonged current step injections (500 ms) of 10 pA increments from -20 pA up to 220 pA were applied to evoke trains of APs. We found that the vast majority of cells in the three experimental conditions (wild type, Tg2576, RSG-treated Tg2576) could be segregated into two distinct categories, which we termed type I and type II based on firing properties resulting from these current steps. Only 8 out of 103 total cells did not fall into either category and were excluded from the analysis. 
Type I cells reached maximum number of spikes with current steps of moderate intensity, and exhibited action potentials that eventually failed in the latter part of the train in response to current steps of high intensity (Fig. 2A1). At current injections of high intensity (>150 pA), type I cells lacked sustained firing and APs became progressively smaller in amplitude, eventually ceasing before the end of the current pulse (Fig. 2A1, trace 4 and 5 from top). Unlike type I, type II fired throughout the entire range of current steps, and exhibited firing rates proportional to the amplitude of injected current. In type II cells, firing was sustained at all amplitudes without failure to generate APs and the maximum number of spikes was observed at maximum stimulation intensities (Fig. 2A2, trace 4 and 5 from the top). In all three experimental groups the distinction between type I and type II cell firing was made at the maximum current step of 220 pA that elicited limited firing in type I, due to AP failure throughout most of the train, or sustain firing in type II cells (i.e.in wild type, the number of AP was 5.4 ±0.8 for type I versus 17.3±1.5 for type II, p=0.00084, Student t-test). We also found that the firing modality in the two cell types was mirrored by different values of Rinput throughout all three animal groups. In wild type mice, the Rinput of type I cells was significantly higher compared to type II (443.3±19.9 MΩ n=18 for type I versus 297.2±13.6 MΩ, n=8 for type II, p=0.000003, Student t-test). In Tg2576 and RSG-treated Tg2576 mice Rinput of type I cells was also dramatically higher compared to type II cells. Firing properties and Rinput in type I vs type II cells of the three experimental animal groups are summarized in Table 1.
Adult DG granule cells are comprised of a diverse population of newly-born and mature neurons that develop and dynamically integrate in the DG circuit  ADDIN EN.CITE (; ; ). The intrinsic firing properties and ionic conductances in granule cells are thought to reflect their developmental stage  ADDIN EN.CITE (; ; ). Among DG granule cells, Rinput and firing patterns and have thereby being used as signatures of their degree of maturation and circuitry integration. Our classification aligns with previous studies with type I cells corresponding to a less mature phenotype, while the type II cells correlate with a more mature cell type as described in van Praag et al. (2002). Notably, the proportion of type I vs type II cells was 70.4% (n=19) and 29.6 % (n=8) in wild type animals, but switched to 58.1% (type I, n=18) vs 41.9 % (type II, n=13) in Tg2576, suggesting a decrement in proliferation, survival, maturation, or integration of new neurons in the AD mouse. Strikingly, one month treatment with the PPARγ agonist RSG restored the proportion of Tg2576 type I (70.3%, n=26) and type II (29.7%, n=11) cells to wild type population distribution (Fig. 2B), implying a role of PPARγ signaling in restoring DG granule neuron heterogeneity.

Electrophysiological properties of type I cells in wild type and Tg2576 mice 
Alterations in firing properties induced by A-pathology have been described for hippocampal neurons  ADDIN EN.CITE (; ; ). However, an elucidation of intrinsic and passive properties for distinct cell sub-types in the dentate gyrus of an AD amyloidosis model as well as following cognitive enhancement with PPARγ agonism is poorly understood. We thus sought to examine firing behaviors and membrane properties of type I and type II cells. Representative current clamp traces of type I cell AP firing in wild type and Tg2576 with and without RSG treatment are shown in Fig. 3A. Repetitive firing was evoked by 500 ms-long current step at 100 pA. Type I cells from Tg2576 fired fewer spikes (Fig. 3A, middle panel) compared to wild type (top panel), and RSG normalized the phenotype back to wild type (bottom panel). Analysis of input-output curves revealed that the number of spikes elicited by current steps of low-to-moderate intensity (30-60 pA) was significantly lower in Tg2576 compared to wild type mice and that RSG treatment restored the firing to levels not significantly different from control (Fig. 3B). The most pronounced phenotype in Tg2576 and its normalization with RSG was observed at a moderate current step (60 pA) with type I cells firing on average 12.3 + 1 APs in wild type DG (n=19 cells), 9.3 + 0.8 (n=18 cells) in Tg2576 and 11 + 0.7 (n=26 cells) in Tg2576+RSG (Fig. 3C, p< 0.05, one-way ANOVA, post-hoc Dunnet’s test). 
To gain information on conductances that might underlie the observed phenotype, the first spike latency, the AP current (Itrh) and voltage (Vtrh) thresholds, were examined (Fig. 4A). The first spike latency was 159.2±21 ms (n=19 cells) in wild type mice and was significantly increased in Tg2576 animals (270.8±23.2 ms, n=18 cells), but RSG treatment did not rescue the phenotype back to control (273.9±25.2 ms; p<0.01 one-way ANOVA, post-hoc Dunnet’s test, Fig. 4B, Table 2). Although a trend in increase of Itrh and corresponding RSG rescue were observed (Fig. 4C) none of these changes were statistically different from each other (p> 0.05, one-way ANOVA, post-hoc Dunnet’s test). The Itrh was 25.26±2.69 pA in wild type mice (n=19 cells), 30.56±2.74 pA in Tg2576 (n=18 cells), and 26.92±1.98 pA in RSG treated Tg2576 (n=26 cells; Fig. 4C, Table 2). Analysis with post-hoc Fisher test indicated that Vtrh was increased in Tg2576 (-43.85±1.9 mV, n=18 cells, p<0.05) and rescued in RSG treated Tg2576 (-45.82±1.24 mV, n=26 cells) compared to wild type control (-48.58±1.14 mV, n=18 cells, p<0.05 post-hoc Dunnet’s test, Fig. 4D, Table 2). 
To better understand the firing pattern and membrane properties of type I cells, we examined average instantaneous firing frequency, inter-spike intervals (ISI), membrane resting potential (MRP), Rin, membrane capacitance (Cm) and  across the three experimental groups. Type I cells exhibited a reduced average instantaneous firing frequency and increased ISI in Tg2576 compared to wild type, and RSG treatment normalized the phenotype (Fig. 5). Input-output curves over a wide range of current steps (10 pA-200 pA) showed a significant reduction in the average instantaneous firing frequency of type I cells at current steps of moderate intensity (50-140 pA) in Tg2576 compared to wild type littermates (at 140 pA: 54.4±5.1 Hz, n=19 cells in wild type versus 41.4±3.5 Hz, n=18 in Tg2576, p< 0.05, one-way ANOVA with post-hoc Dunnet’s test, Fig. 5B,C). These changes were accompanied by a significant increase in the ISI observed especially at the beginning of the AP train at the 110 pA current step (15.52±1.32 ms, n=19 cells in wild type versus 23.26±2, n=18 cells in Tg2576, p<0.05, one-way ANOVA with post-hoc Dunnet’s test; Fig.5 D,E). Importantly, RSG treatment rescued both instantaneous firing frequency and ISI bringing these values back to control (Fig. 5C,E; p>0.05, one-way ANOVA, post-hoc Dunnet’s test). 
When we examined the MRP (Fig. 6A), Tg2576 type I cells displayed more negative values relative to wild type (59.55±1.45 mV, n=17 cells in wild type versus 66.61±1.65 mV, n=18 cells in Tg2576, p<0.01 one-way ANOVA, post-hoc Dunnet’s), a response unaffected by RSG (61.71±1.65, n=25 cells in RSG-treated Tg2576, p<0.05, one-way ANOVA, post-hoc Dunnet’s, Fig. 6B). Calculating the Rin from the responses to hyperpolarizing steps (shown in Fig. 6C), type I cells were similar among the three groups (Fig. 6D, p>0.05, one-way ANOVA; Table 2). In contrast,  (Fig. 6E) was increased in Tg2576 cells compared to wild type (32.57±2.26 ms, n=18 in Tg2576 versus 26.05±1.51 ms, n=17 in control; p<0.05 with post-hoc Dunnet’s, Table 2) and RSG treatment normalized this parameter (28.47±1.61 ms, n=25 Fig. 6F; p>0.05, one-way ANOVA). Furthermore, analysis with post-hoc Fisher test indicated that Cm was increased in Tg2576 cells (79.28±5.58 pF, n=18) compared to wild type (62.27±5.80 pF, n=17, Fig. 6F, p<0.05 with post-hoc Fisher tests; Table 2) and RSG treatment normalized Cm to wild type values (66.96±4.31 pF, n=25 Fig. 6F; p>0.05, one-way ANOVA). 
Collectively, these data show that, compared to wild type littermates, Tg2576 DG type I cells exhibit decreased intrinsic excitability accompanied by increased  and Cm that are normalized by RSG treatment. These changes in active and passive membrane properties are indicative of complex alteration of the functional connectivity and, potentially, morphological properties of type I cells in response to Aβ amyloidosis, all of which are restored to statistically normal values through PPAR agonism.

Electrophysiological properties of type II cells in wild type and Tg2576 mice 
	The same current clamp protocols used to characterize type I cells were applied to study intrinsic firing and membrane properties of type II neurons in response to A pathology with or without subsequent PPAR agonism with RSG.  Representative AP traces show that, in contrast to type I, type II neurons in Tg2576 animals (Fig. 7A, middle trace) were more excitable than wild type (Fig. 7A, top trace). Tg2576 type II cells exhibited sustained repetitive firing in response to moderate-to-high depolarization steps and maximal firing frequencies higher than wild type. RSG treatment normalized the excitability of Tg2576 type II cells to wild type as evidenced by input-output curves (Fig. 7B). At maximal current injections (220 pA current step), type II cells fired on average 17.25 + 1.5 spikes in wild type (n=8), 21.23 + 0.9 in Tg2576 (n=13) and 17.9 + 0.8 in Tg2576 animals treated with RSG (n=11) and the Tg2576 + RSG condition was indistinguishable from control (Fig. 7BC, p<0.05, one-way ANOVA with post-hoc Dunnet’s test). These responses were even more apparent at moderate and high current steps (Fig. 7C, p<0.05, one-way ANOVA with post-hoc Dunnet’s test). Additional measurements revealed that neither first peak latency, Ithr nor Vtrh, were significantly different across the genotypes and treatment conditions (Fig. 8B-D; p>0.05, one-way ANOVA, post-hoc Dunnet’s test, Table 3).
Evaluation of instantaneous firing frequency and ISI revealed additional signs of hyper-excitability of type II cells in Tg2576 animals and rescue upon RSG treatment. The increase in average instantaneous firing frequency with the magnitude of injected current was greater in Tg2576 type II cells compared to wild type (Fig. 9A,B), reaching significant differences for current steps of high intensity (Fig. 9C, 190 pA; 36.5±2.2 Hz, n=19 cells in wild type, 42.7±2.1 Hz, n=18 in Tg2576, and 35.1±1.9 Hz, n=18 in Tg2576+RSG; p<0.05, one-way ANOVA with post-hoc Dunnet’s test). This phenotype was accompanied by a decrease in ISI (at high current step injection, 190 pA), evident throughout the train, indicating a deficit in frequency adaptation (Fig. 9D,E). RSG treatment rescued instantaneous firing frequency and ISI back to wild type (Fig. 9; p< 0.05 one-way ANOVA with post-hoc Dunnet’s or Fisher tests for selected train intervals). 
Finally, the MRP (Fig. 10A) was -69.2±0.95 mV in wild type (n=8 cells) and there was a trend to a hyperpolarizing shift of MRP in Tg2576 (-72.9±1.53 mV, n=13 cells), but none of these values were statistically different from each other (Fig. 10B; p = 0.06, one-way ANOVA with post-hoc Dunnet’s test, Table 3). Likewise, analysis of Rin,  and Cm (Fig. 10C) showed no statistical difference in  among experimental conditions (Fig. 10E); there was a trend for increased Rin (345.7±14.9 mV, n=13 cells, Fig. 10D) and decreased Cm (89.14±7.13pF, n=13 cells Fig. 10F) in Tg2576 compared to wild type (297.2±13.6 MΩ and 108.7±9 pF n=8 cells), but RSG treatment had no significant effect on these parameters (342.2±22.4 MΩ and 88.5±6.3, n=11 cells) (Fig. 10D,F; p>0.05 one-way ANOVA with post-hoc Dunnet’s test, and Table 3). Thus, unlike type I, type II cells in the AD mouse model are hyperactive, and RSG treatment normalizes their function back to control.
Overall, these results indicate clear mechanistic distinctions between type I and type II cells in normal and disease model animals.  A pathology resulted in altered functional properties of these DG neurons and PPARagonism restored several of these suggesting that PPARγ signaling promotes a global upstream program aiming at normalizing DG function during AD amyloidosis. 

Discussion
The DG is the hippocampal gateway for new memory formation and its integrity is particularly susceptible to disruption in early AD.  In some humans with early AD and mouse models for AD-like amyloidosis, impaired memory can be improved with PPARγ activation  ADDIN EN.CITE (; ; ).
However, the cellular mechanisms underlying PPARγ cognitive rescue are poorly understood.  In previous studies, we showed that along with improving cognition RSG treatment rescues aberrant synaptic activity of mPP inputs to DG granule neurons in the Tg2576 animal models for AD  ADDIN EN.CITE (). In the present study we applied whole-cell patch-clamp recordings to characterize resting and active membrane properties of DG granule neurons in the Tg2576 animal model and examined their sensitivity to RSG. Our findings complement and extend the repertoire of A pathology-induced phenotypes in the DG circuit of AD animals and show that, in addition to synaptic activity, PPARγ agonists restore the computational capabilities of the DG by normalizing intrinsic properties and  by preventing the loss of presumably more plastic and adaptive type I granule neurons. Thus, PPARγ agonists might antagonize AD cognitive dysfunction by rescuing the DG output signals to the CA3 area, which are required for early memory formation. 
	Our initial findings  ADDIN EN.CITE () support previous studies that granule neurons in the DG can be segregated into two functionally distinct populations of cells with properties that classify them as less mature (type I) and more mature (type II) phenotypes based upon Rin and firing patterns  ADDIN EN.CITE (; ). In Tg2576 mice that model AD-like amyloidosis and cognitive impairment reminiscent of early AD  ADDIN EN.CITE () the proportion of these cells is skewed toward type II. Furthermore, the intrinsic excitability of both cell types is aberrant. Type I neurons fire significantly less action potentials and exhibit reduced instantaneous firing frequency in Tg2576 animals, while type II are more excitable and present with opposite phenotypes. AD pathology is associated with loss in memory formation and propensity to epileptic burst activity. The change in type I vs type II proportion and their relative aberrant firing abilities in Tg2576 observed in these studies might provide a mechanistic link to these Ab hallmarks. In the normal hippocampus, adult-born granule neurons exhibit enhanced synaptic plasticity thought to be critical for new memory formation  ADDIN EN.CITE (; ; ). The observation that in Tg2576 mice type I cells are reduced in number relative to type II is in line with the impairment of hippocampal learning observed in this AD mouse model. Type II cells, which sustain prolonged firing andfire more APs in Tg2576 mice, might contribute to the hyperactivity of the DG circuit that accelerates AD pathology and amplifies neuronal damage  ADDIN EN.CITE (; ; ). Furthermore, in Tg2576 type I, but not type II, exhibit higher Cm and  with no changes in Rin, indicative of a more elaborated cytoarchitecture of less mature type I neurons in the AD model. The ratio of type I versus type II neurons and their aberrant membrane properties are restored to normal function (e.g., statistically equivalent to wild type) upon RSG treatment.  Therefore we propose that in response to Aβ-mediated synaptic and cognitive dysfunction in this amyloidosis model, type I cells fire less, while types II neurons are more active, contributing to the reported hyperactivity of the DG in AD  ADDIN EN.CITE (; ; ; ; ). These results further corroborate ours and others’ prior studies revealing aberrant synaptic transmission in the entorhinal cortex-DG synaptic circuit and concomitant memory deficits in Tg2576 animals that are ameliorated by RSG-mediated PPARγ agonism  ADDIN EN.CITE (; ; ; ).

Type I and type II neurons: effects of PPAR agonism
We have examined the intrinsic firing properties of granule neurons in the DG of 9MO wild type and Tg2576 animals with and without one month of RSG treatment. In all the three categories analyzed, we found that DG neurons can be segregated into two distinct populations based on firing pattern and Rin. This classification is in line with previous sorting of newly generated and mature granule neurons based on passive and active properties  ADDIN EN.CITE (; ). These electrophysiological parameters correlate with recognized stages of maturation of newly-born neurons in the DG as part of adult neurogenesis. Based on the published literature, we classified neurons as type I (less mature phenotype) cells possessing any combination of the following parameters: i) a firing pattern characterized by tendency to AP failure in the latter part of the train () ii) high Rin  ADDIN EN.CITE (; ); iii) relative depolarized MRP; iv) low Cm and . Adaptive firing, high Rin and depolarized MRP are thought to correlate with a limited set of voltage-gated conductances in newly generated cells, while low Cm and  might reflect reduced dendritic branching as a sign of an early developmental stage (). More mature and integrated type II DG neurons exhibit nearly the opposite set of properties and fire more APs. 
	The type I neurons described in this study align well with the van Praag et al classification in that they show signs of firing failure in the latter part of the train and low Cm and. Yet, our type I cells exhibit higher Rin than reported by van Praag and that might be explained by variation in the age and strain of the animal models studied.  
The type II neurons resembled integrated DG granule cells that exhibit lower Rin, indicative of a complete repertoire of ion channels as in fully mature neurons and fire constantly throughout the train  ADDIN EN.CITE (; ).  
We found that the proportion of type I immature cells in wild type animals is predominant, representing ~75% of the studied population. In Tg2576 this ratio is disturbed to ~50%, and restored to ‘normal’ proportions by RSG. These results are in line with the well-established link between disruption of proliferation, differentiation and maturation of adult-born neurons and AD  ADDIN EN.CITE (; ; ) and further support a role of PPAR in promoting granule cell maturation  ADDIN EN.CITE (; ). We previously reported that Tg2576 hippocampal aberrant activity in entorhinal cortex to DG granule neuron synaptic transmission and plasticity accompany impaired hippocampus-dependent cognitive function. Hippocampal cognitive function, synaptic transmission, and plasticity deficits were restored by PPAR agonism with RSG. The rescue in the pool of more sensitive and plastic DG granule neurons (type I) induced by RSG might promote a proper decoding of synaptic inputs from the entorhinal cortex into firing outputs of the DG to the subsequent stations of the hippocampal circuitry and contributes to cognitive rescue of  PPAR agonism.
The observed changes in neuronal excitability provide additional evidence for the well-established role of the DG neuron excitability in early AD pathology  ADDIN EN.CITE (; ; ; ; ; ). We found that not only the ratio of type I versus type II cells is changed in Tg2576 animals, but neurons within each of these two categories exhibit altered firing compared to the same type in healthy animals. Maximum number of spikes and instantaneous frequency are decreased in type I, yet up-regulated in type II neurons. In both cases, PPAR agonism treatment restores firing modalities to wild type levels. Some other parameters, such as first spike latency, were altered in Tg2576, and insensitive to RSG, suggesting very distinct cell-specific repertoires of ion channel conductances that are targeted by the PPARaxis.
The observed shift in membrane excitability properties associated with Tg2576 Aβ-pathology in type I vs type II cells are consistent with previous reports  ADDIN EN.CITE (; ; ; ). Aβ-induced hyperactivity has been detected at the single cell firing level and in epileptic-like bursts recorded in cortical and hippocampal neural networks of mouse models for AD-like amyloidosis  ADDIN EN.CITE (; ). However, Aβ-pathology has also been associated with decreased neuronal firing in the DG, prefrontal cortex and the CA1 hippocampal region  ADDIN EN.CITE (; ; ). Our cell type-stratification of neuronal firing phenotypes emphasizes the complexity of factors that lead to hippocampal circuit disruption in AD and may be applied to other studies to help reconcile some contrasting results in the literature ().  
Though the criteria used to sort type I vs type II cells were based on firing and Rin, additional passive and active membrane properties seemed to preferentially associate with one cell type vs the other. For example, Itrh,  and Cm values in type I cells were significantly different from type II in the wild type animals, but were more homogenous in Tg2576 (Table 1). Likewise, MRP and  values segregated with type I and type II categories in wild type and in Tg2576, but they did not differ in type I vs type II upon RSG treatment (Table 1-3). These intragroup (i.e type I vs type II) differences in passive and active membrane properties other than Rin and firing precluded a more rigorous separation of the two cell types given the multivariate parameters across the three experimental conditions. Further strata, representing intermediate developmental stages between a strict delineation of type I and type II groups or additional consideration of homeostatic compensatory mechanisms implicating ion channels (MRP and Itrh) or cell architecture ( and Cm) might more exquisitely associate these divergent parameters with the AD state and the effects of PPARagonism. Collectively, we identify for the first time bidirectional changes in neuronal outputs co-existing in the DG circuit of an AD animal model and the effects of cognitive rescue on these parameters.

Potential mechanisms underlying changes in neuronal excitability induced by RSG
Type I and type II cells exhibit very distinct firing patterns that imply an underlying diversity of voltage-gated ion channels. In both cell types, Aβ-pathology modifies maximum number of spikes and instantaneous firing frequency, with no effects on Rin and Itrh and these phenotypes are rescued by RSG. Changes in the biophysical properties, availability, or expression profile of channels due to direct or indirect alterations in mRNA or protein levels might underlie these phenotypes. For example, A-type K+ currents  ADDIN EN.CITE (; ), key determinants of neuronal firing () and synaptic plasticity (), have been implicated in AD  ADDIN EN.CITE (; ).  Of this group of channels, the Kv4.3-encoded currents contribute solely to set firing rates without affecting Vm, Rin or Itrh () and could therefore be candidate targets of Aβ-modulation and RSG rescue found in this study. 
We found changes in firing adaptation in both type I and type II neurons in our AD model that were sensitive to RSG. These changes in instantaneous frequency and interspike intervals could result from modulation of small calcium-activated K+ channels (SK)  ADDIN EN.CITE (; ) and have been implicated in AD. During repetitive firing, SK channels enter into a cumulative activation state leading to increase in the ISI. Thus, suppression or activation of SK channels could contribute to some of the changes in ISI found in either type I or type II neurons across conditions. Unlike SK, big calcium-activated K+ channels (BK) contribute minimally to setting firing rates  ADDIN EN.CITE (), but are abundantly expressed in DG neurons where they have been shown to counteract hyperexcitability and protect against epileptic bursts  ADDIN EN.CITE () and have been implicated in AD  ADDIN EN.CITE ().
In addition, there is abundant evidence for a role of voltage-gated Na+ (Nav) channels in AD  ADDIN EN.CITE (; ). It has been shown that Nav channel expression is reduced in AD animal models through a BACE1- dependent cleavage of the 2 Nav accessory subunit  ADDIN EN.CITE (; ). However, the lack of changes in Itrh and/or marginal changes in Vtrh (for type I cells) observed in our study makes it unlikely for fast transient Na+ currents to significantly contribute to the observed phenotype. Other parameters such as MRP and first spike latency (in type I cells) were affected by A but insensitive to RSG suggesting specific actions of the PPAR agonists on sub-sets of ion channels  ADDIN EN.CITE (; ; ). Overall, the effect of 1 month treatment of RSG on passive and active membrane properties of type I and type II neurons is consistent with a long-term genetic programming leading to direct or indirect, A clearance-mediated actions of PPAR on ion channels  ADDIN EN.CITE (; ).

Restoration of DG function through activation of the PPARγ axis in restoring DG function: implications for memory failure in early AD
The DG plays a fundamental role in memory formation through integration and consolidation of redundant perforant path inputs and conversion into spatio-temporal patterns of sparse activity in the CA3 hippocampal area (). These intricate and substantive processes rely heavily upon the functional integrity of DG granule neurons. Mature and adult-born self-renewing granule neurons dynamically integrate into the DG circuit  ADDIN EN.CITE (; ; ; ). As part of this process, synaptic inputs, intrinsic firing and mode of activity-dependent plasticity () are continuously refined to ensure a smooth and efficient integration of cells in the DG circuit  ADDIN EN.CITE (; ; ). This intense computational load makes the DG an exceptionally vulnerable brain region to Aβ-related pathologies and a hallmark of early AD (). 
Links between impaired brain insulin signaling, cognition, and AD are well-established in rodent models  ADDIN EN.CITE (; ; ; ) and humans  ADDIN EN.CITE (; ; ; ). Evidence indicates a concerted activity of the PPARγ axis in ameliorating AD pathology by acting on the DG circuit  ADDIN EN.CITE (; ). Activation of the PPARγ axis improves hippocampal-related memory in some humans with early AD and mouse models for AD-like amyloidosis  ADDIN EN.CITE (; ; ; ; ; ; ; ). In Tg2576 mouse model for AD amyloidosis, PPARγ agonists restore presynaptic function and short-term synaptic plasticity at medial perforant path to DG granule neurons synapses  ADDIN EN.CITE () and rescue ERK-MAPK signaling pathways that subserve hippocampus-dependent cognition  ADDIN EN.CITE (; ; ; ; ). In addition to synaptic inputs, we show that activating the PPARγ axis rectifies the output function of the DG circuit to restore the proportion of mature vs immature adult born neurons in the DG ameliorating aberrant firing properties. 
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Fig. 1 Selection and properties of visually identified neurons in the DG circuit.   A. Schematic representation of the tri-synaptic hippocampal circuit. The black box points to the general area (first third to the second third of the DG inferior blade) from which cells were chosen for whole-cell patch-clamp recordings. B. Upper trace (B1) shows a typical DG granule cell at MRP and after gradual current injection. The middle trace (B2) is a n inset of this trace showing spontaneous firing at higher resolution. The bottom trace (B3) illustrates the characteristic tri-phasic nature of the after-hyperpolarization phase in DG granule cell (1 corresponds to fast after-hyperpolarization, 2 to medium and 3 to slow). 

Fig. 2 DG granule cells can be segregated into type I and type II based on firing properties A. DG granule cells sorted into type I (A1) and type II (A2) based on firing properties. Trains of APs were evoked by long-depolarizing currents steps (500 ms) of constant increment (10 pA). B. Pie chart distribution of DG type I and type II neurons in wild type, Tg2576 and RSG-treated Tg2576 hippocampus. Type I cells are more abundant in wild type (~70%) compared to type II (~30%), but the ratio between the two reaches ~ 50% in Tg2576 animals. PPARγ agonism normalizes the ratio of type I vs type II cells (~ 70% vs 30%).  

Fig. 3 Characterization of firing properties of type I cells in Tg2576 and RSG-treated Tg2576 mice A. Representative traces of trains of action potentials (AP) induced by 100-pA depolarizing steps in wild type (top trace), Tg2576 (middle trace) and RSG-treated Tg2576 mice (bottom trace). B. and C. Input-output curves and histogram showing number of spikes elicited in response to 500 ms-long depolarizing current steps with 10-pA increments. The number of spikes per pulse was significantly lower in Tg2576 and rescued with RSG treatment compared to wild type *p<0.05, one-way ANOVA, Dunnet’s post-hoc test. 

Fig. 4 First spike latency and AP thresholds in wild type, Tg2576 and RSG-treated Tg2576 animals. A. Representative trace of the first spike measured at the Itrh in a Tg2576 type I neuron. B. Latency to the first spike was significantly higher in Tg2576 type I cells (n=18), compared to wild type (n=19), and RSG treatment (n=25) failed to rescue the phenotype; **p <0.01, one-way ANOVA with Dunnet’s post-hoc test). Results represent mean ± SEM. C. The AP current threshold (Itrh) in Tg2576 and RSG-treated Tg2576 did not differ from wild type (p>0.05 one-way ANOVA with Dunnet’s post-hoc test). D. The AP voltage threshold (Vtrh) in Tg2576 and Tg2576 treated with RSG mice did not differ from wild type control (p>0.05 one-way ANOVA, Dunnet’s post-hoc test). For all experiments presented, results represent mean ± SEM, n=19 (wild type), n=18 (Tg2576), n=26 (Tg2576+RSG). 

Fig. 5 Instantaneous firing frequency in type I neurons is decreased in Tg2576 animals and rescued by RSG. A. Representative traces of trains of APs induced by 110-pA depolarizing steps in wild type (top trace), Tg2576 (middle trace) and Tg2576+RSG mice (bottom trace). B. and C. Input-output curves and histogram showing average instantaneous firing frequency derived from trains of APs elicited in response to 500 ms-long depolarizing current steps with 10-pA increments. The average instantaneous firing frequency for steps between 90-140 pA was significantly lower in Tg2576 animals compared to wild type and was rescued by RSG treatment (*p<0.05, one-way ANOVA, Dunnet’s post-hoc test). D. and E. Inter-spike intervals (ISI) plotted as a function of ISI number (D) and summary histogram (E) showing increased ISI in Tg2576 type I neurons normalized to wild type control through PPARγ agonism. The most pronounced effect of A pathology and RSG rescue on ISI was observed at the beginning of the AP train (ISI number 1 and 2). *P<0.05, one-way ANOVA with Dunnet’s and Fisher’s post-hoc tests. Results represent mean ± SEM. n=19 (wild type), n=18 (Tg2576), n=26 (Tg2576+RSG). 

Fig. 6 Membrane properties of type I in wild type, Tg2576 and RSG-treated Tg2576 animals. A. Representative trace of the membrane resting potential (MRP) in a Tg2576 type I neuron. B. The MRP was more hyper-polarized in Tg2576 cells (n=18) compared to wild type controls (n=17), but RSG failed to rescue the phenotype (n=25, *P<0.05, **P<0.01, one-way ANOVA with Dunnet’s post-hoc test). C. Representative traces of membrane voltage in response to injected 300 ms-long current steps at 10 pA increment. The formula above is used to derive cell capacitance (Cm), membrane time constant (τ), and input resistance (Rin). D. Rin did not vary across conditions (p>0.05 one-way ANOVA with Dunnet’s post-hoc test). E.  was significantly higher in Tg2576 compared to wild type control and rescued by RSG treatment (*P<0.05, one-way ANOVA with Dunnet’s post-hoc test). F. Cm was significantly higher in Tg2576 compared to wild type and was rescued by PPARγ agonism. *P<0.05, one-way ANOVA with Fisher’s post-hoc test. Results represent mean ± SEM. n=19 (wild type), n=18 (Tg2576), n=26 (Tg2576+RSG). 

Fig. 7 Characterization of firing properties of type II cells in Tg2576 and RSG-treated Tg2576 mice A. Representative traces of trains of APs induced by 100-pA depolarizing steps in wild type (top trace), Tg2576 (middle trace) and RSG-treated Tg2576 mice (bottom trace). B. and C. Input-output curves and graph bars showing number of spikes elicited in response to 500 ms-long depolarizing current steps with 10-pA increments. The number of spikes per pulse was significantly higher in Tg2576 and rescued with RSG treatment compare to wild type *p<0.05, one-way ANOVA, Dunnet’s post-hoc test. 

Fig. 8 First spike latency and action potential thresholds of type II in wild type, Tg2576 and RSG-treated Tg2576 animals. A. Representative trace of the first spike measured at the Itrh in a Tg2576 type I neuron. B. Latency to the first spike did not differ across conditions (p>0.05 one-way ANOVA, Dunnet’s post-hoc test). Results represent mean ± SEM. n=8 (wild type), n=13 (Tg2576), n=11 (Tg2576+RSG). C. The AP current threshold (Itrh) in Tg2576 and Tg2576 treated with RSG did not differ from wild type (p>0.05 one-way ANOVA with Dunnet’s post-hoc test). D. The AP voltage threshold (Vtrh) in Tg2576 and Tg2576 treated with RSG mice did not differ from wild type (p>0.05 one-way ANOVA, Dunnet’s post-hoc test). Results represent mean ± SEM. n=8 (wild type), n=13 (Tg2576), n=11 (Tg2576+RSG).

Fig. 9 Instantaneous firing frequency in type II neurons is decreased in Tg2576 animals and rescued by RSG. A. Representative traces of trains of APs induced by 190-pA depolarizing steps in wild type (top trace), Tg2576 (middle trace) and Tg2576+RSG mice (bottom trace). B. and C. Input-output curves and graph bars showing average instantaneous firing frequency derived from trains of APs elicited in response to 500 ms long depolarizing current steps with 10 pA increments. The average instantaneous firing frequency for steps between 90-140 pA was significantly higher in Tg2576 animals compared to wild type and was rescued by RSG treatment (*p<0.05, one-way ANOVA, Dunnet’s post-hoc test). D. and E. Inter-spike intervals (ISI) plotted as a function of ISI number (D) and summary graph bar representation (E) showing reduced ISI in Tg2576 type I neurons rescued to the wild type control by RSG treatment. The most pronounced effect of Ab pathology and RSG rescue on ISI was observed at the beginning of the AP train (ISI number 1 and 2). *P<0.05, one-way ANOVA with Dunnet’s and Fisher’s post-hoc tests. Results represent mean ± SEM; n=8 (wild type), n=13 (Tg2576), n=11 (Tg2576+RSG).

Fig. 10 Membrane properties of type II cells in wild type, Tg2576 and RSG-treated Tg2576 animals. A. Representative trace of membrane resting potential in Tg2576 DG cells type II. B. The MRP of type II neurons in Tg2576 and RSG-treated Tg2576 did not differ from wild type control. P>0.05 one-way ANOVA with Dunnet’s post-hoc test. C. Representative traces of membrane voltage in response to 300 ms current steps at 10 pA increments. The formula above is used to derive cell capacitance Cm, τ, and input resistance (Rin). D-F. Rin, τ and Cm did not differ across conditions; for all categories *P>0.05, one-way ANOVA with Fisher’s post-hoc test. Results represent mean ± SEM. n=19 (wild type), n=18 (Tg2576), n=26 (Tg2576+RSG). 




